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A new time-of-flight (TOF) mass spectrometer with a corkscrew ion trajectory was designed
and constructed. The spiral trajectory was realized by using four toroidal electrostatic sectors.
Each had fifteen-stories made of sixteen Matsuda plates piled up inside a cylindrical
electrostatic sector. The ions passed the four toroidal electrostatic sectors sequentially and
revolved along a figure-eight-shaped orbit on a certain projection plane. During the multiple
revolutions, each ion trajectory was shifted by 50 mm per cycle on a direction perpendicular
to the projection plane, thus generating a spiral trajectory. The flight path length of one cycle
was 1.308 m so that the maximum flight path length became20 m. The mass resolution, mass
accuracy, and ion transmission were tested by utilizing an orthogonally coupled electron
ionization source. A mass resolution of 35,000 (FWHM) for m/z greater than 300 was achieved.
Even in a lower mass region, mass resolutions of more than 20,000 (FWHM) were confirmed
with a doublet of 12C5
1H5
14N and 13C12C5
1H6
. The mass accuracy was also improved such that
it was better than 1 ppm with only one internal standard peak. An ion transmission of
approximately of 100% was observed for 15 cycles. (J Am Soc Mass Spectrom 2005, 16,
1969–1975) © 2005 American Society for Mass SpectrometryAtime-of-flight (TOF) mass spectrometer wasproposed in the 1940s by Stephens [1] andsubsequently developed by Cameron and Egg-
ers [2]. With the advent of matrix-assisted laser desorp-
tion/ionization (MALDI) [3, 4] and electrospray ioniza-
tion (ESI) techniques [5], the TOF mass spectrometer
has become a powerful analytical tool, especially in
biochemistry and biotechnology. Its characteristic fea-
tures are high sensitivity, theoretically infinite mass-
range, and rapid measurements. It also provides a
simple and easy method to obtain exact mass measure-
ments. These features give the TOF mass spectrometer a
great advantage over other mass spectrometers, such as
the quadrupole, ion trap, and magnetic sector-type mass
spectrometers. However, a drawback of the TOF mass
spectrometer is the intrinsic characteristic of poor mass
resolving power for accurate mass analysis, especially for
small molecules, compared with a Fourier- transform ion
cyclotron resonance (FT-ICR) mass spectrometer. In an
orthogonal acceleration (oa-) TOF mass spectrometer, the
mass resolution and mass accuracy are limited to approx-
imately 10,000 (FWHM) and 3 ppm, respectively. On the
other hand, in the FT-ICR mass spectrometer, they have
reached over 100,000 (FWHM) and 1 ppm, respectively.
The mass resolution of the TOF mass spectrometer is
Published online October 24, 2005
Address reprint requests to Dr. T. Satoh, JEOL Ltd., 3-1-2 Musashino,
Akishima 196-8558, Tokyo, Japan. E-mail: taksatoh@jeol.co.jp
© 2005 American Society for Mass Spectrometry. Published by Elsevie
1044-0305/05/$30.00
doi:10.1016/j.jasms.2005.08.005expressed as R m/m t/2t, where t is the total time
of flight, which is given by the flight path length
divided by the ion velocity, and t is the peak width
measured at FWHM. Thus, it is essential to extend the
flight path length and minimize the peak width to
improve the mass resolution. The peak width depends
on the broadening of the ion packet at the detector,
especially along the velocity axis and the response time
of the detector. Various ion optical techniques have
been reported to minimize the peak width: space focus-
ing [6], time-lag focusing [6], orthogonal acceleration
[7], and an ion mirror [8] or sector fields [9].
The mass accuracy can be steadily improved by
increasing the flight path length under conditions
where the bandwidth of the ion detection system is
limited. However, the accuracy should be considered
for both short and long time periods. The former (0.1–1
ms), corresponds to obtaining one mass spectrum,
while the latter (1 h or more), corresponds to a single or
sequential LC-MS or GC-MS measurement. Increasing
the flight path length is effective in the short time
period. To improve the accuracy for the long time
period, either internal standards are introduced or the
environmental temperature of the mass spectrometer is
controlled.
Today, most commercial TOF mass spectrometers
are based on linear or reflectron ion optics. Their flight
path lengths are several meters and they depend on the
size of the instrument. Thus, the method by which the
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greater than the instrument size is crucial for the
improvement of mass resolution and mass accuracy.
In 1972, a multi-turn TOF mass spectrometer using
electrostatic sector fields was originally proposed by
Poschenrieder [9]. In this spectrometer, the flight path
length is not restricted to the instrument size and can be
infinitely increased because the ions revolve around the
same closed orbit. Recently, several new multi-turn
TOF mass spectrometers have been constructed in Ja-
pan. Sakurai et al. designed and constructed a fairly
large multi-turn TOF mass spectrometer referred to as
“OVAL” [10] comprising six electrostatic analyzers that
produced an elliptical orbit of 7.4 m. Almost simulta-
neously, a compact multi-turn TOF mass spectrometer
referred to as “MULTUM linear plus” [11] was devel-
oped at the Osaka University. It consisted of four
cylindrical electrostatic sectors and 16 electrostatic
quadrupole lenses. The figure-eight-shaped ion orbit
had a flight path length of 1.308 m per cycle. An
extremely high mass resolution of 350,000 was re-
ported at m/z  28 after ions revolved for 501.5 cycles.
“MULTUM II” [12] was developed fairly recently at
the Osaka University. In this version, the equipment
was simplified by employing only four toroidal electro-
static sectors coupled with four pairs of Matsuda plates
[13] and four cylindrical electrostatic sectors. The pre-
liminary results using electron ionization (EI) [12] and
MALDI [14] were previously reported.
However, a multi-turn TOF mass spectrometer has a
fatal “overtaking” problem because ions having differ-
ent mass to charge ratios revolve in the closed orbit
repeatedly. In due course, the faster ions with smaller
m/z values pass the slower ones with larger m/z values.
As a result, ions with different m/z values do not arrive
at an ion detector in the order of their m/z value, i.e., the
observed mass spectrum deviates from the principle of
the TOF mass spectrometer, which states that the de-
tecting time is proportional to the square root of the m/z
value. Certain complex mathematical treatments are
required to transform the deformed mass spectrum into
one that is of the order of the m/z value.
There are two ways to avoid such complex mathe-
matical treatments. The first, which is an incomplete
analysis, requires that only a certain narrow m/z range,
where no overtaking occurs, should be analyzed. This is
because the mass range is inversely proportional to the
number of cycles, i.e., the mass range is reduced to5%
of the m/z value in the case of 10 cycles. The second is
the use of a spiral trajectory. The first proposal based on
such a spiral trajectory was put forward by Bakker et al.
[15, 16]. Sysoev and coworkers calculated and con-
structed ion optics using only one electrostatic sector
with an ion deflection angle of 509° [17, 18] so that
ions travel for approximately 1.5 cycles along a
helical ion trajectory. Matsuda also proposed two
types of TOF mass spectrometers [19], a corkscrew
type and a mosquito-coil type.To realize a high ion transmission, mass resolution,and mass accuracy when increasing the flight path
length, it is necessary to design the ion optics to
minimize the broadening of the ion packet, not only
along the velocity axis but also on the plane perpendic-
ular to it. Matsuda reported the helical ion optics to
prevent the broadening of an ion packet on the plane
perpendicular to the velocity axis by inserting parallel
plate condensers in a field-free region between electro-
static sectors [20]. However, he did not report any
details regarding the minimization of the ion packet for
the velocity axis in such a case.
We designed and constructed a new spiral TOF mass
spectrometer. Its ion optics was designed based on that
of MULTUM II with the “perfect focusing” nature [21],
which did not cause the broadening of the ion packet at
the end of every cycle. The maximum number of cycles
was fifteen and the maximum flight path length was
approximately 20 m. In this paper, we report the
characteristic features of the system and its basic per-
formance, such as mass resolution, mass accuracy, and
ion transmission, when an EI source is orthogonally
fitted. By increasing the flight path length, a mass
resolution of the order of several tens of thousands at
m/z 300 and a mass accuracy better than 1 ppm were
expected.
Experimental
A new spiral TOF mass spectrometer was constructed
as an orthogonal acceleration TOF mass spectrometer
coupled with an EI source, as schematically shown in
Figure 1. The coordinates (X, Y, Z) of the schematics is
defined to interpret the acceleration region and ion
optics of the mass spectrometer, X-axis shows the
direction of a gap of electrostatic sector electrodes,
Y-axis the shift direction at each cycle that was perpen-
Figure 1. Diagram of the spiral TOF mass spectrometer. (A)
Sample reservoir tank; (B) ion source housing; (C) orthogonal
acceleration block; (D) toroidal electrostatic sector 1; (E) toroidal
electrostatic sector 2; (F) toroidal electrostatic sector 3; (G) toroidal
electrostatic sector 4; (H) deflector; (I) beam-defining slit; (J)
detector; (K) analyzer housing.dicular to the projection plane, and Z-axis, the ion
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and introduced into the EI source. The positively
charged ions were continuously transferred to an or-
thogonal acceleration block (oa-block) via an electro-
static lens system. The EI source and electrostatic lens
system were arranged at an ion source housing. These
positively charged ions were orthogonally accelerated
as ion packets toward the spiral ion optics consisting of
the four toroidal electrostatic sectors (TESs). The ion
packets were injected into the first story of TES 1 at
certain a slope angle (SL) after their ejection angles
from oa-block (OA) were adjusted by a deflector (see
Figure 2). Their spatial distributions were limited to the
X- and Y-axis directions by a beam-defining slit. They
revolved along the figure-eight-shaped ion orbit on the
projection plane while passing TES 1, TES 2, TES 3, and
TES 4 sequentially. During the multiple revolutions,
each ion trajectory shifted by 50 mm in the Y direction
per cycle, thus drawing a spiral trajectory. Each TES
had fifteen stories and the flight path length of one cycle
was 1.308 m, so that the maximum flight path length
became approximately 20 m. A movable detector sys-
tem, by which ions were detected at the center of TES 1
and 4 of every cycle, was mounted. The pressure of the
analyzer housing was below 2.0  105 Pa.
The diagram of the oa-block and deflector are shown
in Figure 2. The oa-block comprised a pusher plate, a
grounded mesh plate, seven potential divided acceler-
ation plates, and an exit plate. The distance between the
pusher plate and grounded mesh plate was 6.5 mm, and
that between the grounded mesh plate and exit plate
was 52 mm. An ion beam passing through an entrance
slit was introduced into the center of the pusher plate
and grounded mesh electrode with a kinetic energy of
30 eV, and it was orthogonally accelerated with a
pulsed voltage applied to the pusher plates. Typically,
the entrance slit width was set at 0.7 mm and the
Figure 2. Diagram of the acceleration region of the spiral TOF
mass spectrometer.amplitude of the pulsed voltage was set at 0.7 kV, so
that the initial kinetic energy distribution of the ion
packet was estimated to be approximately 75 eV. After
the ions passed the grounded mesh electrode, they were
additionally accelerated toward the exit electrode at a
potential of 7.0 kV. Thus, the mean ion kinetic energy
of the ion packet reached 7.4 keV. The ejection angle of
the ion packet from the exit electrode (OA) was approx-
imately 3.6°, which was given by the equation OA 
tan130 ⁄ 7,400. Then, the angles of the ion packets
were adjusted slightly by the deflector to the slope
angle of 2.2° as defined by our design structure of TES,
which is described later.
The diagrams of TES 1, with and without entrance
and exit shunts, are shown in Figure 3. Each TES
comprised inner and outer electrodes, sixteen Matsuda
plates, and fifteen entrance and exit shunts. The deflec-
tion angle, the radius of the ion trajectory, and the gap
between the inner and outer electrodes of the TES were
157.10°, 50 mm, and 10 mm, respectively. All the
Matsuda plates had a 3D twisted structure. They had a
thickness of 10 mm and were placed with 50 mm
spacing in the Y direction. The ions travel a distance of
1.308 m parallel to the orbital surface and shift down by
50 mm in each cycle, so that the desirable slope angle in
the toroidal electrostatic field is 2.2°, from the equation
of SL  tan
1 (50/1308). Four TESs were located in
point symmetries to form figure-eight-shaped ion orbits
on the projection plane. The cross section of the spiral
TOF mass spectrometer parallel to the projection plane
is shown in Figure 4. The potential of the reference ion
Figure 3. Diagram of the toroidal electrostatic sector 1 (TES 1).
(a) With entrance and exit slits and (b) without them. Sixteen
Matsuda plates are inserted between the inner and outer elec-
trodes.trajectory in TES is 7 kV with respect to the ground
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electrode, and Matsuda plates were 1.477 kV, 1.477
kV, and 0.61 kV from 7.0 kV, respectively.
As mentioned above, the spatial distributions of the
ion packets were limited to 1 mm and 6 mm in the X-
and Y-axis, respectively, by the beam-defining slit lo-
cated just before the first story of TES 1. Because it is
necessary to strongly maintain the “perfect focusing”
nature of MULTUM II on the spiral orbit, the broaden-
ing of the ion packets at the detecting surface are
assumed to be fairly similar to that of the TES 1 that was
first entered. We were concerned about the gain satu-
ration using an MCP, which was currently used as the
detector of the TOF mass spectrometer, when the in-
tense ion packets from the EI source were assumed to
focus on the limited area of the detector surface. Hence,
we used a secondary electron multiplier (P/N 14,882,
ETP, Ermington, Australia) as an ion detector in this
experiment although its response time of 3ns was three
times longer than that of the MCP.
An 8-bit averager (AP200, Acqiris, Monroe, NY) and
a digital oscilloscope (LC584AM, LeCroy, Chestnut
Ridge, NY) were used for data acquisition.
Materials
Perfluorokerosene and a mixture of pyridine and ben-
zene were used. All chemicals were purchased from
Kanto Chemical (Tokyo, Japan).
Results and Discussion
Mass Resolution
Two spectra of a pyridine and benzene mixture after 15
cycles are shown in Figure 5. Two doublets of
12C5
1H4
14N (m/z  78.0344) and 12C6
1H6
 (m/z  78.0470),
and those of 12C5
1H5
14N (m/z  79.0422) and 13C12C5
1H6

(m/z  79.0503) are shown in Figure 5a and b, respec-
tively. Since the mass differences of these two doublets
are (a) 12.6 mmu and (b) 8.1 mmu, the calculated mass
Figure 4. The cross section of spiral TOF mass spectrometer
parallel to the projection plane where the ion orbit with a
figure-eight-shape can be seen.resolutions in both cases reach 23,000 (FWHM).The relationship between the mass resolution and
m/z value is shown in Figure 6, where the mass resolu-
tions of several PFK peaks were observed for five, ten,
and fifteen cycles. The mass resolutions improve pro-
portionally with the square root of m/z value and
number of cycles, i.e., the flight path length, when the
peak widths are constant. The broadening of the peak
width (FWHM) with an increase in the m/z values was
observed, e.g., the peak widths were slightly broadened
from 3 ns at m/z  69 to 4.5 ns at m/z  381, and the
mass resolution at each cycle was improved with an
increase in the m/z values. The peak width also became
broader to some extent with an increase in the number
of cycles. For example, peak widths of CF3
 (m/z  69)
are 3.1, 3.5, and 3.6 ns for five, ten, and fifteen cycles,
respectively. However, by considering the effect of the
extension of flight time, the remarkable ability of pre-
venting the broadening of ion packets must be well
presented. In fact, it was observed that the mass reso-
Figure 5. The measured time-of-flight spectra of a mixture of
pyridine and benzene at (a) m/z  78 and (b) m/z  79.
Figure 6. Relationship between the m/z value and mass resolu-
tion.
1973J Am Soc Mass Spectrom 2005, 16, 1969–1975 TOF MASS SPECTROMETER WITH A SPIRAL ION TRAJECTORYlution clearly improves with an increase in the m/z
value and number of cycles, and that after fifteen cycles,
the mass resolution exceeds 35,000 (FWHM) at mz 	
300.
Mass Accuracy
Exact mass measurements for unknown substances
have often been performed with TOF mass spectrome-
ters. Before the measurements, we should determine a
calibration equation relating the time-of-flight and the
m/z value. We attempted to use a polynomial equation
with terms up to the fifth order, as shown in eq 1, for the
calibration by fitting the measured time-of-flight of the
peaks to their theoretical m/z values.
m ⁄ z a bt ct2 dt3 et4 ft5 (1)
where a, b, c, d, e, and f are constants and t is the
time-of-flight. The calibration orders can be selected
from the first to the fifth order, i.e., only four constants,
a to d, need to be determined for the equation with the
third-order terms. The comparison between the theoret-
ical and calibrated m/z values using the equations with
terms from the first- up to the fifth- order is presented
in Table 1, wherein the mass deviation among fifteen
different masses are also shown in terms of root mean
square (rms) values. The mass accuracy is approxi-
mately 0.1 mmu (rms) or 0.5 ppm (rms) in all cases.
There is no significant difference in the five fitting
equations. This implies that the system exhibits a good
linearity in the square root of time-of-flight versus the
m/z value, and that the calibration with four terms up to
the third order is sufficient. These results support the
fact that the extension of the flight path length is quite
effective in improving the mass accuracy.
Table 1. The comparison between the theoretical and calibrated
for the calibration equations
Theoretical
m/z
1 st 2nd
mmu ppm mmu ppm
68.9952 0.0 0.4 0.0 0.3
99.9936 0.0 0.0 0.0 0.0
118.9920 0.0 0.1 0.0 0.1
130.9920 0.1 0.5 0.1 0.5
168.9888 0.0 0.1 0.0 0.1
180.9888 0.1 0.3 0.0 0.2
218.9856 0.1 0.3 0.1 0.3
230.9856 0.0 0.2 0.0 0.1
242.9856 0.1 0.5 0.1 0.4
254.9856 0.0 0.1 0.0 0.1
280.9824 0.2 0.6 0.2 0.6
292.9824 0.0 0.1 0.0 0.1
330.9792 0.2 0.6 0.2 0.7
342.9792 0.4 1.1 0.4 1.1
380.9761 0.2 0.5 0.2 0.5
rms 0.1 0.5 0.1 0.5The dependence of mass accuracy on the number ofpeaks for calibration was also investigated using five,
nine, and fifteen peaks of PFK ions. In the case of using
smaller numbers, the other PFK peaks, which are not
used for calibration, were regarded as unknown sub-
stance peaks. The results are listed in Table 2, where
each value was calculated using the fitting equation
with four terms up to the third order. All the results are
approximately 0.5 ppm; this indicates that the mass
accuracy was almost independent of the number of
peaks for the calibration equation. The fact that only
five of the known peaks covering the entire mass range
are sufficiently large for exact mass measurements gives
us greater freedom to select calibration substances.
In practical measurements, a temporal drift of m/z
values inevitably occurs along with the thermal expan-
value using the different number of terms up to the fifth order
3rd 4th 5th
mu ppm mmu ppm mmu ppm
0.0 0.1 0.0 0.1 0.0 0.0
0.0 0.1 0.0 0.1 0.0 0.2
0.0 0.3 0.0 0.2 0.0 0.2
0.0 0.3 0.0 0.3 0.1 0.4
0.0 0.2 0.1 0.3 0.0 0.2
0.0 0.1 0.0 0.0 0.0 0.1
0.1 0.3 0.1 0.4 0.1 0.4
0.0 0.2 0.0 0.1 0.0 0.1
0.1 0.5 0.1 0.5 0.1 0.4
0.0 0.0 0.0 0.0 0.0 0.1
0.1 0.5 0.1 0.4 0.1 0.5
0.1 0.2 0.1 0.3 0.1 0.3
0.2 0.7 0.3 0.8 0.3 0.9
0.4 1.1 0.4 1.1 0.3 1.0
0.1 0.3 0.1 0.2 0.1 0.1
0.1 0.4 0.1 0.4 0.1 0.4
Table 2. The dependence of the mass accuracy on the number
of peaks used for the calibration
Theoretical
m/z
Used
points
5
peaks
9
peaks
15
peaks
□ □ and  All
68.9952 □ 0.1 ppm 0.1 ppm 0.1 ppm
99.9936  0.3 0.3 0.1
118.9920 0.4 0.4 0.3
130.9920 □ 0.2 0.2 0.3
168.9888  0.2 0.2 0.2
180.9888 0.2 0.2 0.1
218.9856 □ 0.3 0.1 0.3
230.9856 0.2 0.4 0.2
242.9856 0.6 0.7 0.5
254.9856  0.1 0.3 0.0
280.9824 0.5 0.2 0.5
292.9824 □ 0.2 0.5 0.2
330.9792 0.5 0.9 0.7
342.9792  1.3 0.9 1.1
380.9761 □ 0.0 0.4 0.3m/z
m


rms 0.5 0.5 0.4
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power supply because of thermal instability. Typically,
this drift is not very large, but it is not negligibly small
for exact mass measurements. In such a case the internal
standard method is preferable. We evaluated the
method experimentally by intentionally generating a
certain drift value as follows: first, the time-of-flight of
PFK ions was measured by applying the voltages of
1477 V and1477 V to the inner and outer electrodes,
respectively; the constants in the calibration equation
with four terms up to the third order were then deter-
mined. Second, the two applied voltages were changed
to 1478 V and 1478 V to simulate a temporal drift in
the m/z values. A comparison between the two is
presented in Table 3. All the m/z values of the 15 PFK
ions were shifted by approximately 630 ppm. Finally,
assuming the measured peak at the second step (corre-
sponding to m/z  181) to be an internal standard peak,
we revised the m/z axis by correcting constant b to
match the observed and theoretical m/z values. The
mass deviations of the 15 peaks after calibration are
presented in Table 3. The internal calibration was also
performed by considering the peak corresponding to
m/z  69 as an internal calibration peak. This result is
also shown in Table 3. In both cases, the mass accuracy
was approximately 0.5 ppm (rms), which indicates that
exact mass measurements could easily be made for a
temporal mass drift correction by using only one inter-
nal standard peak.
Ion Transmission
High sensitivity is one of the most attractive features of
a TOF mass spectrometer; hence, the realization of high
mass resolution and mass accuracy without appropriate
sensitivity is of no significance. The sensitivity of an
Table 3. The mass accuracy using an internal calibration
method
Theoritical
m/z
Without
correction
Internal calibrant peak
m/z  181 m/z  69
68.9952 631.6 (ppm) 0.1 (ppm) 0.0 (ppm)
99.9936 631.3 0.3 0.2
118.9920 631.7 0.2 0.3
130.9920 631.4 0.1 0.0
168.9888 631.8 0.3 0.4
180.9888 631.4 0.0 0.1
218.9856 631.5 0.1 0.2
230.9856 631.5 0.2 0.3
242.9856 630.8 0.6 0.5
254.9856 631.7 0.3 0.4
280.9824 631.6 0.2 0.3
292.9824 631.7 0.4 0.5
330.9792 631.1 0.2 0.1
342.9792 632.4 1.1 1.2
380.9761 630.1 1.2 1.1
Average 0.01 0.12
rms 0.5 0.5oa-TOF mass spectrometer is determined by compli-
cated combinations of ionizing efficiency, ion transmis-
sion of low-energy-transfer optics, acceptance and ion
transmission of ion optics, detection efficiency of detec-
tor, and duty cycle. High ion transmission is extremely
important when considering the ion optics.
The ion transmissions and peak shapes in five and
fifteen cycles are comparatively shown in Figure 7a and
b. The beam-defining slit was fixed at 1  6 mm. The
peak heights and areas of CF3
 (m/z  69) were mea-
sured in one to fifteen cycles. They were normalized by
setting each value after one cycle to unity. The areas of
the peaks were constant at 100% with an increase in the
number of cycles; in contrast, the peak height reduced
to 60 to 70%. These observations indicated a near 100%
ion transmission; however, gradually broadening of ion
packet along the velocity axis reduced the peak height
to a certain extent. This can be attributed to the accu-
mulation of higher order aberrations of ion optics in
accordance with the increasing number of the cycles.
Conclusions
We designed and constructed a new TOF mass spec-
trometer with a spiral ion trajectory. In this paper, we
reported the major specifications of the system: (1) mass
resolution higher than 35,000 for m/z values greater than
300 after 15 cycles, (2) mass accuracy better than 1 ppm
using the internal calibration method, and (3) nearly
100% ion transmission.
These results prove that there was no significant
Figure 7. (a) Variation in peak area and height of CF3
 (m/z  69)
with the number of cycles and (b) the peak shapes in five and
fifteen cycles.increase in the time-focusing aberration compared with
1975J Am Soc Mass Spectrom 2005, 16, 1969–1975 TOF MASS SPECTROMETER WITH A SPIRAL ION TRAJECTORYMULTUM II, and that the perfect focusing property of
MULTUM II was maintained for the spiral TOF mass
spectrometer as well, if the injection angle toward the
TES from the oa-block was selected to be a small value
within a few degrees.
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